Computer-based simulation is an increasingly popular way to predict the acoustics of real-world architectural designs. Most commercial acoustic simulation tools are based on geometric techniques, and cannot accurately model low-frequency diffraction and other wave phenomena. Numerical wave simulation techniques can model these effects, but are less commonly used, since they are compute and memory-intensive, and cannot scale to large spaces. Moreover, it is challenging to ensure that numerical methods do not suffer from high dispersion errors. Recent techniques have begun to overcome these limitations. One such method is Adaptive Rectangular Decomposition (ARD), which combines analytical solutions to the wave equation in rectangular subdomains with a finite difference stencil for interface handling between subdomains, resulting in high-performance wave simulation with low dispersion error. ARD, along with high-performance ray tracing, are available as part of Impulsonic's IPL SDK, a software development kit that allows custom acoustic simulation tools to be easily built with state-of-the-art simulation technology. In this paper, we evaluate the performance and accuracy of the IPL SDK and ARD, by analyzing simulation results and comparing them against measurements obtained for real-world architectural designs. 
INTRODUCTION
Acoustic simulation is being increasingly used for acoustical design and analysis of architectural spaces. However, most commercial acoustic simulation tools are based on geometric acoustic techniques, which are unable to compute accurate responses at low frequencies (i.e., frequencies below 700 -1000 Hz) or in small spaces. Numerical methods for solving the acoustic wave equation offer an accurate alternative, but require large amounts of computational time and memory to handle medium-sized scenes (i.e., scenes with dimensions on the order of 30m) or high frequencies. Adaptive Rectangular Decomposition (ARD) is a recently-developed numerical method for solving the acoustic wave equation in the time domain. ARD can efficiently simulate the acoustics of complex spaces at frequencies up to around 1000 Hz or more. In this paper, we present preliminary results from a series of validation experiments in which the results of ARD simulation are compared against measurements obtained on architectural models.
BACKGROUND AND RELATED WORK
The propagation of sound in a space is governed by the acoustic wave equation:
where P(x, t) is acoustic pressure as a function of spatial coordinate x and time t, c is the speed of sound, and F(x, t) is a forcing term corresponding to sound sources. Numerical methods for directly solving the acoustic wave equation are known as time-domain methods. Alternatively, periodic solutions can be obtained by solving the Helmholtz equation:
where Ψ is the complex-valued pressure field at angular frequency ω. Numerical methods for solving the Helmholtz equation are known as frequency-domain methods.
Most commercial systems for acoustic simulation are based on geometric acoustics. These methods make the assumption that sound travels in linear rays. These methods are typically based on the image source method [1] or stochastic ray tracing [2] . These techniques are efficient, and can be used to estimate aggregate acoustic parameters such as RT 60 or C 80 . In fact, recent developments in fast sound propagation techniques based on ray tracing can exploit commodity hardware including multi-core CPUs and GPUs, and can even handle scenes with dynamic objects in real time [3] . However, the geometric acoustics assumption results in reduced accuracy at low frequencies and in the near field. In particular, acoustic phenomena such as diffraction, which are prominent at low frequencies, need to be accounted for separately, using techniques such as the Uniform Theory of Diffraction [4] or the Biot-Tolstoy-Medwin model [5] . However, the complexity of these methods increases significantly for higher order diffraction effects.
While numerical methods such as finite differences [6] , finite elements [7] , and boundary elements [8] have been used to solve acoustics problems with accurate diffraction and scattering, they are less commonly used in architectural acoustic analysis. This is due to the fact that their computation and storage requirements scale as the third or fourth power of frequency, making them practical only for small scenes and low frequencies.
One of the main issues with the practical application of numerical methods to architectural acoustics is that of numerical dispersion. These errors are a result of spatial and temporal discretization, and result in waves of different frequencies traveling at different speeds in the simulation. To reduce dispersion errors, the resolution of the spatial discretization must be increased, which in turn results in a cubic or fourth power increase in the compute and memory requirements. Adaptive Rectangular Decomposition [9] significantly reduces numerical dispersion errors by using analytical solutions to the wave equation in large rectangular subdomains of the simulation domain. Validation experiments have been performed that compare ARD to measurement data obtained for outdoor spaces [10] , and we have observed good accuracy. ARD has been implemented on Graphics Processing Units (GPUs) for additional efficiency [11] . ARD has also formed the basis of a precomputation-based technique for interactive sound propagation in virtual environments such as video games [12] .
ADAPTIVE RECTANGULAR DECOMPOSITION
The ARD technique is based on the observation that analytical solutions of the wave equation are known for rectangular domains:
In other words, the mode coefficients m i are the time-varying coefficients of a 3D Discrete Cosine Transform (DCT) of the pressure field. The overall technique works as follows (see Figure 1 ):
1. Voxelization First, a voxelization (spatial discretization) of the domain is performed. The domain is subdivided using a uniform grid, whose resolution at least half the minimum wavelength simulated.
2. Rectangular decomposition Next, starting from a random seed cell, grid cells are grouped together into large rectangular partitions.
Mode update
The DCT is applied to the pressure field in each partition, and the analytical solution of the wave equation is used to advance the pressure fields by a single time step.
Interface handling
The IDCT is applied to the pressure field in each partition, and a (2,6) finite-difference stencil is used to propagate pressure across the interfaces between partitions.
Steps 1 and 2 are performed once as a pre-process; steps 3 and 4 are performed once for every time step of the simulation. Absorption at the boundaries is simulated using a Perfectly Matched Layer (PML) boundary condition. A band-limited Gaussian signal is used as the forcing term in order to prevent aliasing artifacts. The impulse response at any point is recovered from the simulated pressure field using deconvolution.
ARCHITECTURAL MODEL
Validation experiments were performed on Rice University's Twilight Epiphany, an architectural art installation by James Turrell (see Figure 2) . It consists of a 28' square viewing area, covered by a raised 72'x72' roof, with a 14'x14' opening. The space is used for the James Turrell light show at dusk and sunset. It is also used for 3D immersive sound reproduction, with speakers built inside the walls. It is also used for small instrumental ensembles (such as string quartets), and as a media lab for compositions tailored to the space by the Shepherd School of Music.
This space was chosen as a benchmark and for calibration since it is a great space to test both indoor and outdoor situations, including problems of diffraction, flutter echoes, and short reverberation. 
RESULTS
Measurement data was obtained by recording a balloon being burst. Recording equipment used included Sencore RTA microphones and the Sencore SoundPro SP-495 for analysis.
For the first comparison, we placed the source at position S1 (marked in Figure 3 ) and the receiver at position R3 (also marked in Figure 3 ). We performed an ARD simulation, with an IR duration of 0.2 seconds and a maximum frequency of 250 Hz. The simulation results were compared against measured data by means of their corresponding energy decay curves (i.e., Schroeder curves), as shown in Figure 4 . As the plot shows, the ARD simulation results closely match the measured decay profile. During the design of the Twilight Epiphany space, the side walls were tilted by around 1
• to mitigate flutter echoes. For the second comparison, we performed the simulation twice, once with side walls tilted at 3
• , and once with side walls not tilted, and compared the results with measurements. The source was again at position S1, and the receiver was again at position R3. The simulation was again performed for a duration Figure 5 . Note that the simulation was unable to predict mitigation of flutter echoes at a tilt of 1
• , most likely due to the spatial discretization resulting in near-identical grids. As the plots show, the ARD simulation can predict the potential presence of flutter echoes, and can also be used to determine whether a given design change (in this case, tilting the side walls) would mitigate the issue.
We also measured the performance of ARD simulation in this environment as a function of maximum simulated frequency. The measurements were carried out on a MacBook Air containing an Intel Core i5 2557M CPU with two cores clocked at 1.7 GHz each, with 4GB of RAM and running 64-bit Windows 7. ARD was used to compute an IR of duration 0.2s. For maximum frequencies of 250 Hz, 500 Hz, and 1000 Hz, the simulation times measured were 5.6s, 50.7s, and 7min 38.7s, respectively.
CONCLUSION
The preliminary results shown above are promising, and indicate that ARD is able to predict the measured acoustic characteristics of architectural spaces. However, further experiments and validation are necessary, to ensure that ARD can capture a wide range of wave-based phenomena in architectural spaces, such as the impact of diffraction on reverberation times. Finally, in order to allow ARD to scale to large, complex architectural models, it will be necessary to develop efficient parallel implementations of the technique [11] . In each case, the direct peak is highlighted with a red circle. ARD can correctly capture the direct peaks. The green circle highlights a reflection peak in each case. In the top figure, this peak is of comparable amplitude to the direct peak, indicating the potential presence of flutter echoes. In the middle figure, this peak is of reduced amplitude, indicating that the flutter echoes have been mitigated. This is similar to the measured behavior observed in the bottom figure.
